contributed equally to this work. S elf-powered systems have been developed to integrate variable devices into a standalone system with multiple functions, including sensing, communication, computation, etc.
miniaturized, and large number of components in the system require a renewable, sustainable, and clean power supply, and energy harvesting from the ambient environment will be a perfect solution for this problem. 3À8 In this regard, the triboelectric nanogenerator (TENG) was recently invented to convert mechanical energy into electricity, based on the coupling effect of contact electrification and electrostatic induction. 9, 10 In the past few years, the output performance of the TENG has been improved drastically through advanced structural design and material optimization. 11À15 By using nanogenerators as the power source, various types of self-powered systems were successfully demonstrated, such as wireless sensor networks, 16, 17 electrochemical reactions, 18, 19 chemical sensors, 20 home appliances, 15, 21 and security detection. 22 To realize practical and commercial applications of the self-powered system, a fully integrated device with independent working capability is highly desired. Recently, transparent and flexible TENGs have provided a new route to harvest ambient mechanical energy and are more suitable for integration in wearable electronic devices.
B optical properties via the electrochemical redox reactions corresponding to an external electric field,
26À28
which are widely applied in displays, 29 switchable mirrors, 30 and electronic papers. 31 Specifically, some types of ECDs with a nonvolatile memory effect are ideal candidates for energy-saving smart windows on infrastructures and automobiles, since this type of ECD can maintain a certain coloring state with no additional power supply. 32 In this regard, the ECD can be integrated with a TENG as the power source instead of using batteries to provide a constant voltage across the device as a self-powered smart window system. The concept of a "self-powered electrochromic window" can also be realized by integration with solar cells as the power sources to drive the electrochromic device. 33À35 However, there are unavoidable drawbacks, such as some part of ECD's surface area will be covered or sacrificed by solar cells or the transparency of the integrated device will be reduced since most of the solar cells are not fully transparent, which may limit its practical applications. Here, we proposed a new structure for a self-powered electrochromic window, which is composed of a transparent TENG to harvest natural mechanical energies to drive the ECD and can completely solve the problems mentioned above.
Here in this work, we established a fully integrated self-powered smart window composed of a dual-mode TENG and an ECD. The entire device was a transparent, multilayered structure, which was compatible with the smart window structure. The ECD was composed of Prussian blue (PB) nanoparticles and zinc hexacyanoferrate (ZnHCF) nanocubes as the electrochromic material and the ion storage layer, respectively. By operating with a conventional electrochemical workstation, a maximum reversible change in transmittance (ΔT) of 32.6% could be achieved with respect to an external dc voltage. The TENG consisted of a multilayered structure with micropatterned polydimethylsiloxane (PDMS) thin films and transparent electrodes, which could be employed for harvesting the kinetic energy from wind impact and water droplets, with an optimized output power of 130 mW/m 2 . By assembling the two devices on the same substrate, the selfpowered smart window system was successfully realized with a transmittance change of up to 32.4% with visualized color variations as well, which could compete with the results demonstrated by the electrochemical workstation. This work sheds light on motiondriven electrochemical reactions and paves the way for promising applications of TENGs, which will push forward the development of self-powered systems.
RESULTS AND DISCUSSION
The multilayer structure of the self-powered smart window is schematically illustrated in Figure 1a . On the top is a single-electrode TENG for scavenging the raindrop kinetic energy that is composed of a PDMS thin film attached to a conducting substrate. A micropatterned pyramid array structure (Figure 1b) was created on the surface of the PDMS thin film through photolithography and a template molding process, which plays an important role in improving the hydrophobic property and effective contact area of the surface, both aiming at enhancing the output performance of the single-electrode TENG. Other types of nanostructures, such as nanodots, nanogrates, and nanomeshes, can also provide a similar function to enhance its performance. 36 With a similar material system, a contact-mode TENG assembled by elastic springs was implemented right beneath the abovementioned single-electrode-mode TENG. This structure was excellent for harvesting energy from wind C impact, since the low-elastic-modulus springs could buffer the wind impact and brought the device back to its original shape when the wind stopped. Both the TENGs were stacked on the ECD with a common acrylic substrate to form a fully integrated self-powered system. For the ECD, water-dispersible PB nanoparticles and ZnHCF nanocubes were synthesized as electrochromic and ion storage materials, respectively (see Experimental Section for details). The phase compositions of the as-synthesized powders were confirmed by X-ray diffraction ( Figure S1 ), and the peaks for each of the XRD patterns canbe assigned to Fe 4 38 suggesting that both compounds were successfully synthesized and the residual reagents were completely removed. Uniform PB and ZnHCF films were successfully prepared by spin coating the corresponding dispersions on the FTO conducting glass, as shown in the SEM images (Figure 1c and d). Moreover, the morphologies of PB and ZnHCF powders were characterized by TEM (inset of Figure 1c and d), in which the particle-like PB and cubiclike ZnHCF can be clearly observed. PB-coated and ZnHCF-coated FTO conducting glasses were employed as the working and counter electrode, respectively. The ECD was assembled by sandwiching the solid-state electrolyte (0.1 M LiClO 4 /SN with 7% SiO 2 ) between the PB and ZnHCF films.
Before the concurrent operations of the selfpowered device, the characterization of each device was carried out individually to evaluate its performance. First, the electrochemical property and electrochromic performance of the ECD were characterized by a conventional electrochemical workstation. Figure 2a shows the cyclic voltammetry analysis of the ECD at a scanning rate of 100 mV/s. One obvious redox peaks around À0.75 V was observed, corresponding to the following reversible redox reaction for the coloring and bleaching process, as shown in eq 1: 
In this reversible reaction, the color change is mainly contributed by the PB electrode. In order to decrease the switching time between the bleached and colored state, a broader potential range between À2.0 and 2.0 V was applied with the consideration of the device stability and the maximum optical attenuation. The electrochromic property of the PB/ZnHCF ECD under various applied potentials was measured by the UVÀvis spectrum ( Figure 2b ). As the voltage across the ECD reached À2.0 V, the absorbance spectrum is mostly referred to as the pristine FTO conducting glass. As the potential difference increases to 2.0 V, a visible absorbance peak at 695 nm can be obtained, which is mainly contributed by the color change of the PB nanoparticles. To obtain a more intuitive view of the change of the optical property, the transmittance of the ECD was measured from 400 to 800 nm both before and after the coloring process, as shown in Figure 2c . It can be found that the transmittance decreased in the full range during the coloring process, and the highest variation was achieved at 695 nm, while the transmittance decreased from 53.5% to 20.9%. Figure 2e , by which a stable transmittance change (ΔT) of 32.6% could be verified by multiple cycles of potential scanning from À2.0 to 2.0 V. In addition, the switching times for bleaching (τ b ) and coloring (τ c ) were calculated to be 30 and 20 s, respectively.
On the other hand, the output performances of the dual-mode TENG constituted by a raindrop-TENG and a wind-powered-TENG were also investigated. To accommodate its application in a smart window system, high transparency is an essential factor of the dual-mode TENG, which was obtained by all-transparent materials and was revealed by the transmittance measurement in Figure 3a . Its high tranmittance of over 60% in most of the wavelength range guarantees its compatibility in the smart window system, which is also confirmed by the photograph of the transparent TENG in Figure 3b .
The working mechanism of the dual-mode TENG is based on the coupling of contact electrification and electrostatic induction, which can be explained in two separate parts, as illustrated in Figure 3c and e, ARTICLE respectively. A single-electrode working mode was applied for harvesting falling raindrop energy, 39 and the flowing of water droplets on the surface of PDMS induces a change in the potential difference and the corresponding charge flow between its bottom electrode and the ground, as indicated in Figure 3c . When the positively charged raindrops 40 contact the hydrophobic PDMS layer with micropyramid structures on its surface (ii), a positive electric potential difference will be induced between the bottom electrode and the ground, which drives the electron flow from the ground to the electrode to balance the electric field (iii). Once the charged raindrops are ejected away from the surface of the hydrophobic PDMS layer, the potential of the ITO electrode will be lower than that of the ground, which means the electrons will flow back in the opposite direction (iv) until the original state (i) is attained. To measure the electric output performance of the raindrop-TENG, tap water was used to simulate raindrops and sprayed on the PDMS surface, and the short-circuit current (I SC ) of the raindrop-TENG was recorded and is shown in Figure 3d . The I SC value of the raindrop-TENG is ca. 50 nA. This result indicates that raindrop energy generated from the natural environment can be easily harvested by the raindrop-TENG. Alternatively, a contact-mode TENG was used for harvesting the wind energy. 41 As shown in Figure 3e , the original separation distance (d 0 ) between the two triboelectric surfaces (i.e., ITO and PDMS) is determined by the elastic constant of the springs and the loading mass (i). The impact from the wind or other mechanical sources will bring the ITO and PDMS layers into full contact. Upon contact, electrons in the ITO layer are transferred into the PDMS layer due to their diverse triboelectric polarities, 42 which results in net negative charges on the PDMS surface and net positive charges on the ITO surface (ii). Once the wind impact stops, the contacting surfaces start to separate due to the restoring force of the springs, and the separation of the triboelectric charges will induce a potential difference between the top and bottom electrodes. In the meantime, the electric potential difference between the ITO and the PDMS layer drives electrons from the outer circuit to screen the positive triboelectric charges on the PDMS layer (iii). When the two triboelectric surfaces move back to the original position, another phase of electric equilibrium will be reached since negative triboelectric charges on the PDMS layer are screened completely, which leaves an equal amount of induced charges on the top ITO layer (iv). Once another gust of wind impacts the surface of the top electrode to reduce the separation distance (d 1 ), a change of electric potential difference with reversed polarity would be generated and electron flow is further induced through the reverse direction (v). Another equilibrium state would be established after both electrodes reach full contact with each other (ii). This cyclic process corresponds to instantaneously negative and positive induced currents from the wind-powered-TENG. For measuring the electric output performance of the wind-powered-TENG, a compressed air outlet was used to simulate the wind impact. It can be clearly observed that the peak I SC increases with the elevation of wind speed, which indicates that the dynamic current flow is determined by the deformation rate of the TENG (Figure 3f ). The maximum I SC value can reach 15 μA with a wind velocity of around 16.1 m/s. This result indicates that the wind energy generated from the natural environment can be easily harvested by the wind-powered-TENG, and the output signal can be utilized for monitoring the ambient wind speed. Moreover, a robust test of the wind-powered-TENG was also performed to investigate its long-term stability. Figure S2 shows that the output performance of the windpowered-TENG has only a little decay after continuous impacting of 100 000 cycles, indicating that sustainable harvesting of the ambient mechanical energies can be realized via this type of TENG with long-term stability.
After characterizing each individual unit of the selfpowered smart window system, the electrochromic performance of the integrated ECD driven by the dualmode TENG was investigated, as shown in Figure 4a . For simplicity purposes, only the wind-powered-TENG was involved in the powering of the smart window, and the implementation of the water-drop-TENG will add to the output current and enhance the overall performance of the integrated device. In addition, a mechanical shaker was used to simulate the wind impact at a constant frequency of 5 Hz. The intensity of the motor impact was set as 28.5 kgf/m 2 , which was equivalent to a wind velocity of 16.1 m/s. Moreover, a full-wave bridge rectifier was employed to convert the generated alternatingcurrent (ac) pulses into direct-current (dc) signals, as shown in Figure 4b , and the rectified dc current could generate 140 nC of charge transfer per cycle for driving the ECD. The I SC (ca. 45 μA) and the V OC (ca. 140 V) of the dualmode TENG are shown in Figure S3a and b, respectively. The effective output power of the TENG was evaluated by monitoring the voltage and current across variable load resistances ranging from 10 Ω to 1 GΩ (Figure 4c) , and an optimized power density of 130 mW/m 2 can be achieved with a load resistance of 4 MΩ (Figure 4d ). Figure 4e shows the UV/vis-absorbance change of the self-powered ECD driven by the shaker with various durations from 0 to 5000 s. Significant absorbance differences can be monitored by UV/vis spectroscopy, and photographs of the ECD at various durations are also presented as insets in Figure 4e , showing the color switching of the ECD between colorless and dark blue driven by environmentally induced mechanical motions. Figure 4f shows the transmittance change of the self-powered ECD at a certain wavelength (695 nm) for bleaching and coloring driven by a dual-mode TENG. These results provide solid evidence to support that the self-powered smart window is ARTICLE www.acsnano.org F successfully realized by an integrated device with an ECD and a TENG.
To illustrate the working of the self-powered smart window as an integrated device, a series of schematics indicating the coupling of charge transfer and electrochemical reactions in various steps are presented in Figure  5 . Since the power generation process of the dual-mode TENG was alreday described in Figure 3 , it will not be further discussed here. In the ideal case, the amount of charges injected into the PB layer of a ECD should be equal to the total amount of charge transfer from the two output terminals of the TENG. Here, as depicted in stages (iii) and (v), both the wind-powered-and raindrop-TENGs generate an ac output current with distinct directions of charge flow during a full operation cycle. The direction of the current flow will be regulated by the full-wave bridge rectifier to ensure that the current flow through the ECD will be in a constant direction for charging the PB layer. The charging cycle from stage (ii) to (v) in Figure 5 will keep taking place for harvseting energy and then charging the ECD when the self-powered window system is subject to a continuous wind impact or falling raindrops.
CONCLUSIONS
In summary, the concept of a motion-driven selfpowered smart window system was realized by reactions can be driven directly by the TENG, and a maximum transmittance change of 32.4% as well as visible color change can be obtained, which is comparable to the ECD driven by an electrochemical workstation. This research presents a substantial advancement in the practical applications of nanogenrators and self-powered systems, which will initiate promissing improvements in self-powered flexible displays, wearable electronics, and energy efficient buildings. Assembly and Characterization of Electrochromic Devices. Waterdispersible PB and ZnHCF inks were separately prepared by introducing 0.1 g of each powder into 1 mL of DI-water. Well-dispersed inks were obtained after vigorous stirring. PB and ZnHCF films were prepared by spin coating the corresponding inks on FTO conducting glasses under 1500 rpm for 10 s. The active area of each spin-coated electrode was controlled to be 2.0 Â 3.0 cm 2 . Prepared electrodes were stored at room temperature before assembly and characterization. The ECD was assembled by two pieces of FTO conducting glasses that were separately coated with PB and ZnHCF films as the working electrode and the counter electrode, respectively. For preparing the solid-state electrolyte, 0.1 g of LiClO 4 was added to 10 mL of liquefied SN at 70°C, and the solution was then vigorously stirred for 30 min. SiO 2 NPs (7 wt %) were then added to the matrix to eliminate the crystalline structure of SN. Last, a 0.1 M LiClO 4 /SN solution containing 7 wt % SiO 2 NPs was used as the solid-state electrolyte and sealed between the two electrodes separated by a Kapton spacer tape.
METHODS
Fabrication Process of the Self-Powered Smart Window. The selfpowered smart window is a fully integrated device constituted by a raindrop-TENG, a wind-powered-TENG, and an ECD, as shown in Figure 1a . On the top of the integrated device, the raindrop-TENG, which was built up by ITO/PET with a hydrophobic PDMS film containing a micropyramid array structure, acted as the output 1 of the dual-mode TENG for harvesting the water drop energy. The detailed procedures for preparing the PDMS film with a micropyramid array structure are described in the Supporting Information. On the other hand, the windpowered-TENG was fabricated by a layered structure with two PMMA substrates. The PDMS-coated ITO/PET and the pristine ITO/PET acting as electrodes were attached on the surface of the PMMA substrates. The two PMMA substrates were separated by four elastic springs at the corners to form spacing between the ITO and the PDMS. This is output 2 of the dual-mode TENG for harvesting wind energy. After that, the raindrop-TENG and ECD can be easily integrated on the top and bottom of the wind-powered-TENG to make a self-powered smart window, respectively.
Characterization. PB and ZnHCF powders were characterized by X-ray diffraction patterns (XRD, Ultima IV, Rigaku) with Cu KR radiation with 2θ scanning from 10°to 80°at a scan rate of 10 deg min À1 to verify their phase compositions. The particle size and geometric nanostructure of PB and ZnHCF powders were characterized by transmission electron microscopy (TEM, JEM-1230, JEOL). The surface morphologies of PB and ZnHCF films were examined by scanning electron microscopy (SEM, Nova NanoSEM 230, FEI). The surface morphology of the PDMS film containing a micropyramid array structure was also shown by field emission scanning electron microscopy (FE-SEM, SU8010, Hitachi). Electrochemical characterization of ECDs was measured and recorded through an electrochemical potentiostat (model VersaSTAT 3, Princeton Applied Research). All optical properties were obtained via a UVÀvis spectrophotometer (V630, Jasco). In the electric output measurement of the raindrop-TENG and wind-powered-TENG, a programmable electrometer (model 6514, Keithley) and a low-noise current preamplifier (model SR570, Stanford Research System) were used for recording the output voltage and current, respectively. Moreover, in order to simulate the condition of continuously blowing winds, a mechanical shaker (Labworks SC121) was used to drive the wind-powered-TENG for periodical contacting and separating.
